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Abstract.  Sheet metal forming software is commonly used in the automotive and sheet metal sectors to support the 
design stage. However, the ability of the currently available software to accurately predict springback is limited. A 
sensitivity analysis of the springback behavior of a simple product is performed to gain more knowledge into the various 
factors contributing to the predictability of springback. The sensitivity analysis comprises both numerical and physical 
aspects and the most important results are reported in this paper.  
 
INTRODUCTION 
In the automotive industry, guidelines and finite 
element software are used in the design process of new 
sheet metal parts. Currently, the accuracy and 
reliability of these guidelines and numerical 
simulations do not satisfy the industrial requirements. 
The main limitation is the lack of an accurate 
springback prediction. To gain more knowledge and a 
better insight into the various factors contributing to 
the predictability of springback, a sensitivity analysis 
will be performed on a simple product, i.e. the 
unconstrained bending problem.  
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FIGURE 1. Tool geometry of unconstrained bending 
problem 
The unconstrained bending problem served as a 
benchmark problem at the 5th International 
Conference and Workshop on Numerical Simulation 
of 3D Sheet forming Processes (Numisheet 2002). 
Although the authors are aware that this benchmark is 
not representative of sheet metal forming in general, 
this problem was chosen since it shows severe 
springback after forming, which enables a clear 
sensitivity analysis. The performed sensitivity analysis 
comprises both numerical and physical factors and is 
carried out using four different software packages, i.e. 
Abaqus/Standard, MSC.MARC, Optris and Dieka.  
NUMISHEET 2002 UNCONSTRAINED 
BENDING PROBLEM 
Benchmark Specification 
The geometrical layout of the unconstrained 
cylindrical problem as proposed for the Numisheet 
2002 conference [1] is shown in FIGURE 1. The total 
punch stroke is 28.5mm, meaning that the punch stops 
moving when the punch and die have become 
concentric. A constant punch speed between 1 mm/s 
and 50 mm/s is prescribed. Both aluminum and high 
strength steel were used in this benchmark. For 
material specification, related lubrication 
specifications and tool geometry, the reader is referred 
to [1]. To measure springback, the angle “ABDC” as 
defined in FIGURE 2, is used. This angle is measured 
after forming at the maximum punch displacement and 
after springback. The difference between these angles 
quantifies the actual springback.  
 
 
FIGURE 2. Definition of angle to measure springback 
Benchmark Results 
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FIGURE 3. Angles after springback for aluminum  
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FIGURE 4. Numerical results: Punch force – 
displacement curve for aluminum  
This section concentrates on a part of the results 
presented at the Numisheet 2002 conference [1], the 
angle after springback for aluminum sheet, cut in the 
rolling direction, see FIGURE 3. The horizontal axis 
represents the participants, the vertical axis the 
corresponding angle. The grey bar in the graphs 
depicts the bandwidth of the experimental results (first 
4 dots in the graphs are experiments). FIGURE 4 gives 
the numerical results of the force-displacement curves. 
An experimental result is added for comparison 
(marked with solid circles). 
Discussion On Benchmark Results 
Load displacement curve: A remarkably large 
scatter occurs in the results of all participants for 
which the reason can be twofold. It is very likely that 
large oscillations in some of the results are caused by 
the tool speed settings in combination with using 
explicit time integration. Another reason for some of 
the oscillations is likely caused by tight contact 
settings in combination with localized contact. It is 
also noticed that the results of certain participants, 
which show a large deviation in case of aluminum 
reproduce this deviation in case of high strength steel, 
which is a strong indication for user related error.    
Angle after springback: Even more scatter 
appears in the angle after springback, due to the 
above-mentioned reasons. Nevertheless, five results of 
implicit codes, two results of explicit codes and one 
result of an implicit/explicit code are within (or close 
to) the range of the experimental results. Hence, from 
the presented results, it cannot be concluded that either 
explicit, explicit/implicit or implicit techniques 
provide more accurate answers for the springback 
problem.  
Conclusion: The reason for the scatter in numerical 
results can be numerous, like: 1) difficulties caused by 
local sliding contact, which is difficult to treat in a 
discrete manner; 2) applied punch speed in case of 
using explicit codes; 3) applied stabilization 
techniques in contact treatment, like contact stiffness, 
hard or soft contact, damping techniques etc.; 4) 
applied tool discretization versus an analytical 
description of the tool geometry; 5) applied material 
models comprising yield functions and hardening 
models; 6) the influence of inexperienced users. 
SET UP OF THE SENSITIVITY 
ANALYSIS 
The current sensitivity analysis will be performed 
with four different finite element codes 
(Abaqus/Standard, MSC.MARC, Optris and Dieka) to 
exclude the possibility that specific code artifacts will 
turbid the analysis and to explore the possible 
consequence of present artifacts. This means that one 
has to be critical to what is to be compared. Therefore, 
it is chosen to define the default settings of the 
sensitivity analysis as general as possible. A mesh 
density with a typical element length of 2 mm is used. 
The material model is assumed isotropic with Nadai 
hardening. However, several differences between de 
finite element codes remain present, such as applied 
contact algorithms, tool description (rigid / deformable 
/ discretized / analytical), element type and solution 
technology (implict / explicit). A friction coefficient of 
0.1348 is used to investigate how the particular finite 
element solutions compare to each other for the default 
setting, see FIGURE 5. 
0
50
100
150
200
250
300
0 10 20 30
Displacement [mm]
Fo
rc
e 
[N
] Optris
DiekA
Abaqus
MARC
Exp BE-02
 
FIGURE 5. Load displacement curves (µ = 0.1348) 
The results of the simulations with friction are 
qualitatively compared to the experimental results. 
Note that the results of the Numisheet 2002 
benchmark and the results of the sensitivity analysis, 
to be discussed in this paper, cannot be quantitatively 
related, since isotropic material behavior is assumed in 
the sensitivity study. From FIGURE 5 it is concluded 
that the results obtained using different programs and 
technologies are in good agreement with each other for 
the chosen default settings. Since the results of the 
simulations performed in the sensitivity analyses, to be 
described in the next sections, using Abaqus/Standard, 
MSC.MARC, Optris and Dieka, are quite close and 
since specific phenomena can be reproduced with 
more than one of these codes, it can be concluded that 
all simulations within the sensitivity analyses are 
performed sufficiently accurate to have a valuable and 
valid sensitivity analysis. Note that the scatter in the 
load-displacement curve for the results presented here 
is considerably lower than the results presented at 
Numisheet 2002. 
SENSITIVITY ANALYSIS: 
NUMERICAL FACTORS 
The driving factor in most metal forming analyses 
is the contact between tool and sheet. In a numerical 
simulation the tool is often considered as rigid and is 
either represented by an analytical surface or a 
discretized surface.  
Contact Stiffness 
In order to determine contact, the current position 
of a node of the sheet relative to the position of the 
(discretized) tool surface is checked. The contact 
conditions in normal direction can be enforced in two 
ways: a) specification of a constraint on the 
displacement increments and b) by application of 
penalty stiffness between the node and surface. The 
accuracy of the latter method is determined by the 
numerical value of the penalty stiffness. Too small a 
value of the stiffness causes penetration of the surface, 
but has the benefit of a more smooth contact. A 
parameter study on the effect of the penalty stiffness 
on the springback angle has been performed with 
Dieka and Abaqus/Standard, see TABLE 1 and TABLE 
2. 
Pen.stiffness 
(MPa/mm) 
Forming angle springback 
angle 
100 22.68 56.91 
200 21.95 56.42 
300 21.63 56.13 
400 21.45 55.98 
500 21.33 55.88 
2500 20.73 55.45 
5000 20.60 55.33 
TABLE 1. Variation of penalty stiffness (Dieka) 
Pen.stiffness 
(MPa/mm) 
Forming angle springback 
angle 
200 21.83 53.89 
1000 20.92 53.27 
TABLE 2. Variation of penalty stiffness (Abaqus/Standard) 
A difference of maximum 2.0º in forming angle is 
obtained depending upon the penalty stiffness; the 
maximum difference reads 1.6º for the angle after 
springback. Note that angles after springback obtained 
with Dieka are typically 2.5º larger than those obtained 
with Abaqus/Standard. This can easily be explained by 
the difference in the tool release method (see farther 
down in paper).  
Rigid vs. Deformable Die 
In several finite element codes, like MSC.MARC, 
the non-penetration condition with respect to contact is 
strict, meaning that no overlap of contacting bodies is 
allowed. This type of contact representation is called 
‘hard contact’. In contrast to the penalty-based 
methods, no finite stiffness between contacting 
surfaces has to be provided.  A consequence of this 
approach is that in metal forming applications like 
bending, the contact spots tend to be very small. Such 
localized contact may adversely affect the stability of a 
model, as any change in contact conditions can have a 
large effect. As a result the model may have difficulty 
to converge. In case of a sliding contact situation, the 
sensitivity to localized contact is significant. In the 
bending problem at hand, such a sliding contact 
situation exists near the die shoulder. The first 
simulation could be completed successfully only after 
the number of increments had been increased to one 
thousand and the convergence controls had been 
drastically tightened. However the results appear 
questionable after inspection of the force-displacement 
curve, see FIGURE 6 (rigid die). 
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FIGURE 6. Punch force-displacement curve for rigid and 
deformable dies. (MSC.MARC; µ=0.0; plane strain) 
It is observed that that the curve contains an almost 
periodic disturbance, whose amplitude gradually 
increases. Upon inspection, this ripple had to be 
attributed to the discrete representation of the sheet (as 
a regularly spaced set of nodes) sliding past the die 
radius. A local refinement of the mesh could help to 
reduce this ripple. In this way the discretization error 
can be reduced, but not removed. An alternative way 
to suppress the ripple is to model the die as a 
deformable contact body. By choosing a suitable 
contact body numbering (die first), it is thus possible 
to have nodes of the die touching the sheet instead of 
the other way around. The benefit of this approach is 
that a much more stable contact situation is obtained as 
the need for nodes to separate and the number of 
changing contact conditions in general, is much 
smaller. The force-displacement curve of this approach 
is also depicted in FIGURE 6 (def. die). The 
simulation, using a deformable die, needs a total of 
250 iterations, compared to at least a thousand for the 
rigid die. Note that the two curves in FIGURE 6 are 
somewhat different, especially near the maximum 
punch displacement. So, apart from the superimposed 
ripple, the discretization error in case of a rigid die 
also seems to affect the shape of the underlying force 
displacement curve. A possible explanation is that the 
sliding of the sheet is restrained, which leads to a 
different bending history of the sheet. 
Die type Forming angle Springback angle 
Rigid 20.50 46.29 
Deformable 20.48 45.89 
TABLE 3. Variation of die type (MSC.MARC; µ=0.0; plane 
strain) 
Tool Release Method 
A springback simulation can be performed by 
gradually retracting the punch. However, this method 
of unloading is computational costly. Therefore, in 
most springback analyses, the response of the sheet 
due to the release of the tools is numerically performed 
in one increment, a so-called instantaneous release. 
Sometimes this increment is subdivided into a number 
of sub increments in order to avoid numerical 
instabilities. These occur because the contact forces 
are suddenly removed and transformed to residual 
forces. If these residual forces are removed suddenly, 
this can easily result in local buckling effects and 
hence this is sometimes done in a number of steps. In 
this section both release methods will be compared in 
case friction and no friction is applied, using 
Abaqus/Standard and MSC.MARC. 2D simulations 
are performed with plane strain elements as well as 3D 
simulations with shell elements. The results of plane 
strain simulations are listed in TABLE 4, TABLE 5 
and TABLE 6; the results of the shell simulations are 
listed in TABLE 7 and TABLE 8. Note that there is a 
difference in forming angle when using 
Abaqus/Standard or MSC.MARC (TABLE 5 and 
TABLE 6), which is due to the difference in contact 
description. 
release method Forming angle springback angle 
Gradual 20.48  45.89 
instantaneous 20.48 45.89 
TABLE 4. Variation in release method (MSC.MARC; 
µ=0.0; plane strain) 
release method Forming angle springback angle 
Gradual 20.46  54.11 
instantaneous 20.46 55.67 
TABLE 5. Variation in release method (MSC.MARC; 
µ=0.1348; plane strain) 
release method Forming angle springback angle 
Gradual 21.84  54.45 
instantaneous 21.84 56.44 
TABLE 6. Variation in release method (Abaqus/Standard; 
µ=0.1348; plane strain) 
release method Forming angle Springback angle 
Gradual 20.89  43.30 
instantaneous 20.89 43.35 
TABLE 7. Variation in release method (Abaqus/Standard; 
µ=0.0; shell) 
release method Forming angle springback angle 
Gradual 20.92  53.27 
instantaneous 20.92 55.26 
TABLE 8. Variation in release method (Abaqus/Standard; 
µ=0.1348; shell) 
According to these results, there is no difference 
between both release methods in the frictionless 
situation. However, if friction is taken into account, 
the springback angle can vary up to 2° degrees 
depending on whether the strip is released 
instantaneously or gradual.  During the forming stage 
tangential forces are present on the sheet due to the 
friction. Tool removal will result in a release of the 
tangential forces before the bending moment is 
decreased. This causes modified contact, whereas an 
instantaneous release does not account for this 
sequential effect. The different response of the gradual 
and instantaneous unloading procedures is probably 
linked to a slight increase of the plastic deformation 
during unloading. To investigate this, the equivalent 
plastic strain along the top of the sheet is presented in 
FIGURE 7 as a function of the current arc length 
along the sheet. Since the sheet is symmetric, only the 
strain distribution of the right part of the sheet is 
reported, meaning that the origin of FIGURE 7 
corresponds to the center position of the punch. 
Graphs are given for several stages during forming (till 
1.0 sec.) and several stages during springback (till 1.1 
sec.). From inspection of the plastic strain distribution 
along the top of the strip, it appears that the plastic 
strain near the punch center starts to increase as the 
unloading starts. Almost immediately upon retracting 
the punch, the tangential force (friction) is reversed. 
Instead of a global tensile force superimposed upon 
the bending moment a global compressive force 
develops. This can happen because contrary to the 
tangential force the normal force in contact needs a 
finite displacement to decrease to 0. Since the inner 
radius of the sheet is in compression due to bending, 
adding a compressibe force will promote further 
plastic straining upon unloading. This local plastic 
bending continues for app. 0.1 s. No change of plastic 
strain has been observed for the instantaneous 
procedure, which therefore results in a purely elastic 
unloading. Since the gradual release method is 
supposed to be more realistic, it is concluded that 
instantaneous unloading can lead to a substantial error. 
A gradual unloading method is therefore required for 
this phenomenon to be captured properly. 
Unfortunately the gradual release is numerically very 
sensitive to load stepping and a high amount of small 
time steps is needed. 
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FIGURE 7. Evolution of equivalent plastic strain along the 
top of the sheet.  
SENSITIVITY ANALYSIS: PHYSICAL 
FACTORS 
Friction Coefficient 
The benchmark problem has been analyzed both 
without friction and with a Coulomb friction model 
where the friction coefficient was set to 0.1348, 
according the Numisheet 2002 specifications. 
Simulations are performed with Abaqus/Standard, 
MSC.MARC and Dieka. First the results of 
Abaqus/Standard are treated. A 2-D plane strain finite 
element model was used. The characteristic values of 
the angles at the end of the forming stage and after 
springback are listed in TABLE 9. 
µ forming angle springback angle 
0 21.88 48.38 
0.1348 21.84 54.45 
TABLE 9 Variation in friction coefficient (Abaqus 
/Standard; plane strain)  
The characteristic load displacement curves for the 
analysis without friction and with friction are shown in 
FIGURE 8. 
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FIGURE 8. Load displacement diagram plane strain 
analysis for µ=0 and µ=0.1348 
Note that the unloading stage is analyzed by a 
physical retraction of the punch. From TABLE 9 it 
can be concluded that friction has a large influence on 
the springback behavior. However, we have to be 
careful with drawing conclusions, since the force 
displacement diagrams show a different shape, which 
indicates a different mode of deformation. Therefore a 
closer look is taken in the deformation history of the 
sheet. In case of the simulation with friction, the 
tangential forces due to friction result in a stretching of 
the sheet, causing contact between punch and the sheet 
to be present at the complete forming stage. During 
forming, the contact spot increases along the punch. 
As a result, the bending arm decreases, and since the 
moment is more or less constant, the punch force 
increases. Contrary, moving the punch downwards 
geometrically means that the moment arm will 
increase. If the latter effect dominates the effect of the 
moving contact spot, the punch force will decrease, as 
can be observed after a punch stroke of  ±24 [mm], see 
FIGURE 8. In case of the simulation without friction, 
the former explanation also applies. However, since 
friction is absent, the required punch force is lower 
(when friction applies, energy is dissipated which has 
to be supplied by an increase of the punch force, since 
the punch stroke is constant) and the maximum is 
reached at a lower punch stroke. During forming the 
sheet separated at the lower section of the punch. At 
±25 [mm] the sheet gets in contact with the lower 
section of the die. As soon as this contact is present, 
the sheet is further bend into the final shape and the 
required force increases, see FIGURE 8. Note: the 
release of the sheet from the punch center means that 
curvature increases beyond punch curvature and thus 
the bending moment increases. That this happens 
nonetheless is probably due to the fact that contact 
pressure at the punch adds up with compressive 
bending stresses. This causes hydrostatic stress to 
increase and consequently effective stress to decrease. 
Since effective stress drives plastic deformation at the 
contact point plastic deformation is hindered 
somewhat.  
CONCLUSIONS 
It is remarkable that a much larger scatter is found 
in the Numisheet 2002 benchmark B (typically within 
the range 45 to 72 º), than in the sensitivity analysis at 
hand (typically in the range 44 to 56, with a large 
effect caused by the application of zero friction). 
Obviously, the Numisheet benchmark showed that the 
analyst plays an important role in the simulation 
process. The unrealistically large scatter in the 
benchmark results (± 25°) are likely caused by 
inexperienced users.  
The applied method for contact and the applied 
numerical values of the penalty stiffness determines 
the numerical stability and the obtained accuracy. An 
unrealistic choice of contact or tool stiffness can have 
an influence on the springback behavior.  
The method of unloading, i.e. direct release 
(omitting all tools) versus gradual release (physical 
retraction of the punch) has a large effect on the 
springback behavior. In the latter method, springback 
is not necessarily entire elastic.  
The friction coefficient has a large effect on the 
springback behavior of this component in case of a 
low friction coefficient. The reason of this is a 
difference in deformation behavior in case a high or a 
low friction coefficient is applied. The influence of the 
friction coefficient on the springback behavior 
decreases for increasing friction coefficient. 
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